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In this study, we used ostensibly neutral microsatellite markers to study genetic variance
and heterozygosity of endangered Cyclura lewisi during captive management in the Blue Iguana
Recovery Programme. We assessed the variation present in the founding population and how
genetic diversity changed throughout the past 20 years of management. We also studied how
heterozygosity may correlate with fitness through morphometric measures and success of
recruitment after release into the wild. While we found a reduction in effective population size,
standardized heterozygosity, and fixation indices did not significantly change from the founders
to later generations. We found no evidence for inbreeding depression in the captive population
but a significant difference in heterozygosity of animals released to the Salina Reserve. Lastly,
we found little evidence to support heterozygosity-fitness correlations using morphometric
measures.
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CHAPTER I
INTRODUCTION
Many species of conservation concern have undergone population size reduction due to
the rising pressures of habitat loss and fragmentation, and introduced-invasive species (Fahrig,
2003; Sax and Gaines, 2008, Hanski, 2015). In Madagascar, over 50 years of deforestation has
led to the loss of 9.1% of native species (Allnutt et al., 2008), and on islands, feral cats (Felis
catus) have contributed globally to the extinction of 238 bird, mammal, and reptile species
mainly through direct predation and these effects are only compounded by the presence of other
invasive predators such as rats, pigs, and mongooses (Towns et al., 2006; Jones et al., 2008;
Medina et al., 2011). Invasive species have direct and compounding effects on species and
conservation efforts.
Captive breeding has long been a strategy of conservationists to prevent the loss of
endangered species populations. The long-term goal of many captive breeding efforts is to
provide an assurance population for vulnerable species for future release into the wild. These
programs aim to maintain genetic diversity and fitness found in the source population to increase
the success rate of future reintroductions (Frankham, 2008). Despite these goals, nearly one-third
of wildlife reintroductions fail to establish an independent wild population due to reduced habitat
quality and size, altered behaviors due to selection in captive breeding programs, and a reduction
in genetic diversity population (Miller et al. 1994; Russell et al. 1994; Toone & Wallace 1994;
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van Dierendonck & Wallis de Vries 1996; Fischer & Lindenmayer 2000, Moorhouse et al. 2009,
Williams & Hoffman 2009).
Captive breeding programs cannot directly control habitat depletion and loss,
additionally, they must be mindful of the effect that reintroduction has on mean population
fitness due to a loss of genetic diversity and adaptation to captivity in laboratories and zoos.
Following release, captive bred animals may actually have negative effects on population growth
in the wild (Woodworth et al., 2002; Christie et al., 2012). Individuals of high fecundity and
reproductive success in captivity, while providing immediate gains to population growth, may
select for traits that encourage captive reproduction but limited reproduction in the wild
(Woodworth et al., 2002; Lachance and Magnan, 1990). In the wild, antelope flee when startled
to escape predators. In captivity this avoidance behavior causes serious injury or death when
these animals collide with human-made structures causing selection for animals with a lower
flight response (Lacy, 1994). Additionally, aggressive traits may make animals difficult to
handle and reduce breeding success due to increased stressful interactions in captivity. However,
these traits are nonetheless important behaviors for competition and survival in the wild
(Willoughby et al., 2015). Selection of behavioral traits, intentional or not, may reduce the longterm success of reintroduction efforts and recruitment into natural populations by reducing
survival of released animals (McPhee, 2004), and may well have contributed to the failure of
past reintroduction programs.
Fitness after release is particularly important in captive breeding “headstart” programs.
Headstart programs are a conservation strategy where young animals, either collected from the
wild or born in captivity, are raised in captivity for a time before being released into the wild.
This approach is used to reduce juvenile mortality by releasing animals after they reach a certain
2

age or size when they are more likely to survive to sexual maturity (Ferguson et al., 1982). This
higher juvenile survivorship leads to more individuals being recruited as adults to the breeding
population (Pérez-Buitrago, 2008).
Headstarting began with marine turtles in the 1970s to aid in the recovery of declining
populations (Pritchard, 1979; Bowen el al., 1994) and has since been implemented in several
reptile species with high hatchling and juvenile mortality including freshwater turtles, tortoises,
and iguanas (Cayot et al., 1994; Hudson and Alberts, 2004, Nelson et al., 2009; StarkingSzymanski et al., 2018). While sea turtle headstart programs were initially suitable due to the
high egg and hatchling mortality, the overall population has seen little increase due to continued
mortality of adults and reduced habitat quality (Frazer, 1992; Fontaine and Shaver, 2005).
However, some programs have seen positive results with this conservation strategy. In
Madagascar, headstarted ploughshare tortoises (Geochelone yniphora) demonstrated no
difference in behavior when compared to wild-raised counterparts, and a high survival rate
attributed to the larger carapace size allowing for increased protection from predation and chance
of survival (Pedrono and Sarovy, 2000). After release, headstarted green iguanas (Iguana
iguana) demonstrated similar behaviors and growth rate as wild-born individuals (Escobar,
Besier, and Hayes, 2010) showing that animals can adjust quickly to natural environments while
still allowing conservationists to limit mortality at the egg and hatchling stages of development.
In addition to reptile species, headstart reintroduction programs have been effective in the
species recovery of other taxa. The Snake River Sockeye Salmon (Oncorhynchus nerka)
reintroduction program began releasing hatchling-reared smolts in 1999 and has since seen an
adult collection increase of over 275 time the number of animals returned throughout all of the
1990s. Additionally, smolt-to-adult rates of wild-reared individuals now exceed those of
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hatchery-reared individuals indicating that the population may now be well on its way to selfsustaining (Kline and Flagg, 2014). The California Condor (Gymnogyps californianus) initiated
their captive breeding program with only 27 individuals, 17 of which were “analytical” founders
(Wallace and Toolane, 1992). Despite this low number of founders, mean kinship of G.
californianus (8%) is comparable to that of other captive breeding programs including that for
the black-footed ferret (Mustela nigripes, 12.5%), and Guam Rails (Rallus owstoni, 9%)
(Orndorff 1999, Marinari 2001, Wisely et al. 2003, Ralls and Ballou, 2004). These successes
with birds and mammals demonstrate the potential efficacy of captive management strategies
like headstarting even in species with extensive parental care. Despite these successes, it is
important to remember reintroduction plans can still fail to establish natural populations if other
biodiversity stressors are not addressed such as habitat degradation and loss, (Hanski, 2015) and
the maintenance of population sex and age demographics that increase fecundity (Wielgus,
2002).
Even short-term successes may end in failure if captive recovery programs such as these
fail to account for the impact of active management on population genetics. This is true because
many of these approaches risk accelerating the loss of genetic variation caused by population
size reduction. This may occur because animals available for breeding are limited, may not be an
adequate representation of the population’s genetic history, or from a skew in reproductive
success (Aho et al., 2006; Appleyard and Ward, 2006; Frankham, 1995). This loss of genetic
variation may lead to inbreeding depression, or the reduction in fitness of offspring resulting
from the breeding of closely related individuals (Frankham, 1995). It can be observed as a
genome-wide increase in homozygosity resulting in the increased likelihood of deleterious
recessive alleles and reduction in the expression of overdominance (Charlesworth and
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Charlesworth, 1987). Inbreeding in a population is often observed as an increase in the
proportion of homozygous individuals, and a reduction of heterozygous individuals, when
compared to random expectations in a population. Therefore, we can study rates of inbreeding in
populations using the observed homozygosity. We can also measure effective population size to
infer populations’ capacity to maintain genetic diversity, or the rate at which genetic diversity
should be lost in an ideal Fisher-Wright population due to drift (Wright 1931).
Because inbreeding depression is a threat to populations with small effective size, it is
crucial that attempts to maintain genetic diversity be made when managing endangered species
(Frankham, 2005; Wright, Tregenza, and Hosken, 2008). In domesticated livestock, inbreeding
has been recorded to negatively affect fertility, birth weight, growth rate, viability, disease
resistance, production of livestock products, and ultimately the loss of the stock (Lacy, 1993).
Inbreeding depression has been observed in the wild for the critically endangered artic fox
(Vulpes lagopus). Inbred individuals born in years with abundant resources were less likely to
reproduce (Korén et al., 2016) demonstrating that inbreeding can affect the recovery of a
population regardless of resource quality that may be increased with habitat management efforts.
For the Turks and Caicos Rock Iguana (Cyclura carinata), idividuals with lower multi-locus
heterozygosity were more abundant as hatchlings than adults. This suggests that more inbred
individuals were less likely to survive past the more vulnerable stages of their life history than
less inbred individuals (Berk, 2013). Further, migration has a minimal effect on genetic diversity
in this population, given the low inferred rates of gene flow among these islands (Welch et al.
2017).
The interactions of these biotic and abiotic factors may result in negative feedback,
accelerating population declines. This concept has been termed an “extinction vortex” (Gilpin
5

and Soulé, 1986). As population numbers decline, the effects of environmental and demographic
stochasticity, inbreeding, and behavior become greater hastening the rate at which the population
declines towards extinction (Fagan and Holmes, 2006). The loss of genetic diversity during
generations of breeding is correlated with a reduced population growth rate (Hanski and
Saccheri, 2006), reduced potential for response to environmental change (Waples, 1991), and a
higher risk of population extinction (Saccheri et al., 1998). Therefore, captive breeding efforts
must be concerned with genetic diversity to achieve their conservation goal for successful
reintroduction. Genetic effects should play a large part in extinction vortices as inbreeding
depression can lower fitness in individuals through reduced survival and reproductive success,
further lowering population sizes (Gilpin & Soul é, 1986; Caughley 1994; Waser & Williams
2001; Keller & Waller 2002). Here, we evaluate the captive breeding and reintroduction of
Cyclura lewisi, the Grand Cayman Blue Iguana, that appears to be successful.
1.1

Blue Iguanas and the Blue Iguana Recovery Program (BIRP)
Cyclura is a genus of large, generalist herbivores that are known seed dispersers

throughout their home ranges, promoting plant diversity and dispersal making them essential to
their environments (Iverson, 1985; Hartley et al., 2000; Benitez-Malvido et al., 2003; Oleson and
Valdido, 2003). In Caribbean rock iguanas, headstart programs have been implemented with
varying degrees of success in four Cyclura species: the Mona Island iguana, C. stejnegeri; the
Anegada iguana, C. pinguis; the Jamaican iguana, C. collei; and the Grand Cayman Blue iguana,
C. lewisi (Knapp and Hudson, 2004; Wilson et al., 2004). Through headstarting, Cyclura cornuta
saw an increased survival rate of headstart animals of 40.3% when compared to 22% in natural
populations (Pérez-Buitrago et al., 2008). Since rediscovery in 1990, C. collei captive rearing
efforts of wild-born hatchlings has resulted in only a 3% decrease of genetic variation and
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proportional reduction of 0.075 for effective population size (Rasberry, 2015). These results
show that headstarting in Caribbean rock iguanas has the potential to increase population size
while limiting genetic loss with careful management.

Figure 1.1

Map of Grand Cayman Island

Cyclura lewisi is an endangered species endemic to the island of Grand Cayman (Figure
1.1) (Burton, 2012). In addition to their ecological impacts as the largest native, terrestrial
herbivore (Iverson, 1985; Hartley et al., 2000; Benitez-Malvido et al., 2003; Oleson and Valdido,
2003; Alberts et al., 2004), the Grand Cayman Blue Iguana is a source of national pride for
residents and visitors to Grand Cayman. Their continued presence in U.S. and European zoos
increases public exposure to this success story of intervention and captive management (Grant
and Hudson, 2015). Cyclura lewisi serves as a flagship conservation species for Caribbean
ecosystems due to their high visibility, charisma, and endemism.
In 2002, it was estimated that only 7-25 individuals remained in the wild due to
anthropogenic disturbance including habitat loss, hunting, and the pet trade (Carey, 1966; Knapp
et al., 1999; Alberts, 2000). Competition and predation by introduced species such as domestic
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cats and dogs have also played an important role in their decline (Burton, 2002; Iverson, 1978;
Mitchell, 1999). Cyclura lewisi was identified by the International Union for Conservation of
Nature (IUCN) as “Critically Endangered” (Burton, 2012), and starting in 1990, The National
Trust began a captive breeding program at Queen Elizabeth II Botanic Park. Cyclura lewisi is
managed by the Association of Zoos and Aquariums Species Survival Plan in addition to the
Blue Iguana Recovery Programme (BIRP) on Grand Cayman (Grant and Hudson, 2015). At the
initiation of the project, BIRP began with wild-caught individuals and those confiscated under
private ownership (Tandora Grant, personal communication May 2020). Some animals from the
natural population were not caught, while others were later determined to be hybrids with other
Cyclura species. In the beginning years of the programme, animals were utilized for captive
breeding as they became available through catching and private confiscation (Tandora Grant,
personal personal communication May 2020). Consequently, BIRP started with 24 founder
individuals in captivity and has released over 1,000 captive reared individuals into protected
areas on Grand Cayman (National Trust for the Cayman Islands, 2019). As a result, the species
status has improved from “Critically Endangered” status to “Endangered” (Alberts, 2001;
Burton, 2006; Burton, 2012).
Due to the small number of founders in the BIRP program, minimizing inbreeding and
inbreeding depression in captivity has been a major concern. Once released, individuals must
establish home ranges before they can be recruited to the adult population and mate successfully.
Cyclura lewisi defend their territories aggressively, with male ranges often overlapping those of
multiple females (Alberts, 2001). Previous work in black grouse (Tetrao tetrix) and common
shrew (Sorex Araneus) suggests that inbreeding can reduce the chances that animals secure
defendable territories (Höglund et al., 2002, Valimaki et at., 2007).
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With twenty years of extensive records, The Blue Iguana Recovery Programme has
provided a model to study the genetic health of a species recovering from a population
bottleneck with the aid of captive breeding efforts. Records for each captive-reared animal
include known parentage as well as medical, and developmental histories via annual health
screens. Animals are then released into semi-natural protected areas where animal health
conditions and locations are monitored via resight using unique, colored bead combinations, and
recapture using Passive Integrated Transponder (PIT) tags. As animals are sampled before
release, this program provides the opportunity to study the effects of release into a semi-natural
habitat on the survival of headstarted animals in the presence of selection.
With a founder population of 24, the Blue Iguana Recovery Programme has the potential
to exceed the genetic diversity seen in other conservation success stories such as the California
condor (24 founders), Guam rails (10 analytical founders) and the black-footed ferret (18
founders) (Orndorff 1999; Wisely et al. 2003; Ralls and Ballou, 2004). Cyclura lewisi has
overcome some extinction risks and over 1,000 captive-reared animals have been released on the
East End of Grand Cayman Island (Burton, 2012; National Trust for the Cayman Islands, 2019).
However, this species still faces multiple threats including those associated with resource
competition, climate change, invasive species, habitat modification and fragmentation, and
inbreeding depression that face all species of a reduced size (Charlesworth & Charlesworth,
1987, Butchart et al., 2010; McKinney, 2012; Hanski, 2015).
For this study, we focused on two main goals: the first goal was to assess the genetic
diversity and hybrid status of the 24 founders, assess the maintenance of genetic diversity since
the onset of captive breeding efforts, and estimate the level of inbreeding in Cyclura lewisi. Our
second goal was to determine if there was evidence for inbreeding depression in the captive
9

animals, as well as animals released into the wild. We did this by using survey, genetic, and
morphometric data collected from over twenty years of management.
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CHAPTER II
METHODS
2.1

Study System
Once widespread across the island, the endemic Cyclura lewisi, or Grand Cayman Blue

Iguana, is now restricted to the East End of Grand Cayman where conservation efforts have
focused, and human development and disturbance is less advanced (Burton in Alberts 2000,
Morgan 1994; Burton, 2012). Cyclura lewisi is managed by the Association of Zoos and
Aquariums (AZA) Species Survival Plan (SSP) in addition to the Blue Iguana Recovery
Programme (BIRP) on Grand Cayman (Grant and Hudson, 2015). At the initiation of the project,
BIRP began with 24 wild-caught and three individuals secured from a commercial breeder in the
United States. The three animals from the commercial breeding facility were later determined to
be hybrids with other Cyclura species and therefore excluded from future breeding.
Consequently, BIRP started with 24 founder individuals in captivity.
Animals are bred at the Blue Iguana Recovery Programme facility under
recommendation from the SSP with a focus on maintaining genetic diversity using pedigree data.
Animals remain at the facility for 2-3 years before they enter the adult phase of their life history
wherein, they defend territories and reproduce regularly during the breeding season (Wiewandt,
1982). Remaining at the facility for this time allows for animal growth that may limit
vulnerability to predation (Alberts, 2000), animals are released into one of three protected release
areas: the Queen Elizabeth II Botanic Park (QEII), Salina Reserve, and Colliers Wilderness
11

Reserve. QEII provides 26 hectares of natural dry forest and ornamental gardens that is fully
staffed and visited daily by guests. Both Colliers Wilderness Reserve (77 hectares) and the
Salina Reserve (260 hectares) are relatively undisturbed dry forest.
Records for each captive-reared animal include known parentage as well as medical, and
developmental histories via annual health screens. As animals are sampled before release, this
program provides the opportunity to study the effects of release into a semi-natural habitat on the
survival of headstarted animals in the presence of selection.
2.2
2.2.1

Data Collection
Morphometric Data Collection
At the Queen Elizabeth II Botanic Park, animals are held in captivity until at least two

years of age. Prior to release, animals are given a veterinary examination. At this time, animals
are assigned a unique bead combination (Picture 1) that is inserted into the dorsal crest and a
Passive Integrated Transponder (PIT) tag. Sex is determined by measuring cloacal depth via
probe (Schaefer, 1934; Dellinger and von Hegel 1990) and morphometrics recorded for snoutvent length, mass, tail length, and tail regrowth length if applicable (Woodland, 1920). Animals
are then released into Queen Elizabeth II Botanic Park, Salina Reserve, or Colliers Wilderness
Reserve. Upon re-sighting by conservation staff, individuals are identified via the unique, visible
colored beads, and their health condition and location are recorded. Animals with serious health
concerns are recaptured by hand, noose, or live-traps for veterinary assessment and further
monitoring at the captive breeding facility until re-release.
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Figure 2.1

Blue iguana with colored beads

Iguana with a unique identification bead combination in the dorsal crest in the sequence "yellowred-yellow-large white" which identifies the animal as “yryW”.

2.2.2

Survey Data Collection
The Salina Reserve study was conducted in March 2018 using a protocol laid out in

Burton and Rivera-Milán, 2013). Animal abundance was estimated by conducting distance
sampling (Grant and Doherty, 2010) over transects, or pre-determined paths through the
landscape of interest. Twelve transects were sampled simultaneously, twice per day, within three
zones of the reserve area. Surveys were only conducted during favorable conditions (<25˚C,
<50% cloud cover, between 9:30 and 15:30) to maximize animal mobility and chance of
sighting. Once an animal was sighted, bead combinations were recorded if visible and a
perpendicular distance from the transect centerline was measured.
13

The Queen Elizabeth II Botanic Park Survey was conducted in March 2019. Two survey
teams visited transects simultaneously and recorded each iguana sighted with time, GPS location
within 3 meters, and bead combinations for identification. The park was surveyed only under
favorable conditions for active and mobile iguanas (<25˚C, <50% cloud cover, between the times
of 9:00 and 17:00) (O’Hehir and Burton, 2019). A maximum of three surveys were conducted
per day with a 20-minute break between to allow for iguana mobility and variability in animal
locations. Surveys were conducted until no new animals were recorded for two consecutive days.
2.2.3

Genetic Sample Collection
Blood samples of 427 unique animals were collected from the beginning of the Blue

Iguana Recover Program in the early 1990’s to 2019. Samples were stored in a 2% SDS lysis
buffer (Longmire et al, 1997) at a ratio of 1:1. Of these animals 22 represent founders or
potential founders of the captive breeding program, 344 are products of captive breeding efforts,
28 are from wild caught animals in the Queen Elizabeth II Botanic Park, and five were from a
commercial breeding facility in Punta Gorda, Florida. Samples were assigned to generations
based on the pedigree relationship of animals to the founders for the captive breeding program
(Table 2.1). Animals with unknown parentage and estimated age after the beginning of the
headstart program, such as those hatched in the wild, were assigned the classification of
“Unknown”. Five hybrid animals from a commercial breeding facility in Punta Gorda, Florida
were included to determine if any individuals from the Founder group may have been hybrids
with other Cyclura species.
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Table 2.1

Generations and groups for analysis

Generation groups in analyses with classification as pre- or post-headstart group, species,
number of individuals, and description summary of generation groups. Founders: Animals of
unknown parentage with an estimated birth before the start of the headstart program, F1:
offspring of two Founders, F1BC: offspring of one Founder and one F1, F2: offspring of two F1
individuals, F2BC: offspring of one F2 and either a Founder or F1, F3: offspring of two F2
individuals, Unknown: animals with unknown parentage, Hybrid: Cyclura lewisi hybrids
sampled from a commercial breeding facility.

2.2.4

DNA Extraction an Microsatellite Amplification
DNA was isolated using a Maxwell ® 16 Research Instrument and Tissue DNA

Purification Kits (Promega Corporation, Madison, WI). A total of 29 microsatellite loci
developed for Cyclura species (Malone et al., 2003; An et al. 2004; Rosas et al., 2008; Lau et al.,
2009; Welch et al., 2011) were selected for screening due to their success in Cyclura nubila
caymanensis. A total of 26 amplified and were polymorphic for Cyclura lewisi. These loci were
selected for further genotyping using touchdown polymerase chain reaction (PCR) with protocol
described in Don et al. (1991): initial denaturation at 94°C for 5 minutes, 10 touchdown cycles
195 (94°C for 30 s, 10° above final annealing temperature for 30 s, and 72°C for 30 s), 25
regular 196 cycles (94°C for 30 s, annealing temperature for 30 s, and 72°C for 30 s or 45 s), and
final 197 elongation at 72°C for 7 minutes. Successful amplification was confirmed using gel
electrophoresis, and final PCR products were analyzed without dilution at Arizona State
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University Core Laboratories using ABI 3730 capillary sequencers (LIZ-500 Size Standard,
Applied Biosystems).
2.3
2.3.1

Data Analysis
Genetic Analysis
Genotypes were scored visually with Peak Scanner Version 1.0 (Applied Biosystems).

Each locus was tested for the presence of null alleles using Micro-Checker (Van Oosterhaut et
al., 2004) and those with a high probability were excluded from further analysis. GenAlEx v.
6.503 was used to calculate allele frequencies, observed heterozygosity and expected
heterozygosity according to Hardy-Weinberg equilibrium, and F-statistics (Nei 1977). Loci were
tested probability of significant departure from Hardy-Weinberg expectations using the Genepop
on the Web v. 4.2 Hardy-Weinberg exact test (Rousset, 2008). Using Genepop on the Web, loci
were also tested for pairwise probability of linkage disequilibrium performed with 10,000
dememorization steps, 1,000 batches, and 10,000 iterations followed by sequential Bonferroni
corrections to adjust critical significance levels for multiple tests (Holm, 1979).
We compared the genotypes of the founding generation of animals to five hybrid
individuals from a commercial breeding facility (Punta Gorda, Florida) using microsatellite
genotypes as well as mtDNA for Cyclura lewisi and Cyclura nubila (Malone et al., 2000).
Effective population size was calculated using the linkage disequilibrium method
(Waples, 2006) as implemented in NeEstimator v. 2.1 (Do et al., 2014), with default settings
assuming random mating and 95% confidence intervals. One sibling was randomly selected from
each full sibling group to minimize the effects of relatedness on estimates. This method was
selected for use on this study system because it corrects for small sample sizes. Only alleles with
frequencies > 0.01 were used for NE estimation to minimize bias (Waples and Do, 2008).
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Calculating inbreeding coefficients for individuals in managed populations has
historically been dependent on pedigree data, however the use of neutral molecular markers for
estimating multilocus heterozygosity (MLH) has become more common. The classic pedigree
method of estimating inbreeding is often preferred (Pemberton, 2004, 2008). However, the
pedigree data are not always available, do not account for variance in inbreeding estimates at the
individual level, and assume animals from the founding population are unrelated (Franklin, 1977;
Hill and Weir, 2011; Forstmeir et al. 2012). Molecular methods provide an alternative means for
estimating inbreeding coefficients when pedigree data are unavailable, and molecular methods
are particularly useful for estimating inbreeding depression in small populations (Keller et al.
2011, Hoffman et al. 2014, Kardos et al. 2015). Additionally, these methods can quantify
individual inbreeding that will differ from pedigree expectation due to Mendelian segregation
and recombination (Hedrick, Kardos, Peterson, & Vucetich, 2016; Hill & Weir, 2011; Knief,
Kempenaers, & Forstmeier, 2016). For this reason, multilocus heterozygosity will be used in
addition to the pedigree method to estimate inbreeding within Cyclura lewisi.
While heterozygote fitness correlations can be weak or provide unreliable signals in large
populations at equilibrium (Britten, 1996; David, 1998; Balloux et al. 2004; Coltman and Slate,
2004; Slate et al. 2004; Pemberton 2004; Chapman, 2009), multilocus heterozygosity can
provide effective estimates of genome wide heterozygosity of small populations even in the
presence of consanguineous mating, genetic drift, population bottlenecks, and migration (Ohta,
1971; Ohta and Cockerham, 1974; Bierne et al., 2000a; Tsitrone et al., 2001). When estimates of
both multilocus heterozygosity, and fitness proxies such as growth rate or size are available,
heterozygousity fitness correlations may provide an effective alternative to pedigree analysis for
studying inbreeding depression (Szulkin, 2010). As C. lewisi has undergone a population
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bottleneck in the 20th century (Burton, 2012) and with known consanguineous matings of
siblings, quantifying the impact of inbreeding depression on the Blue Iguana is important.
Further, the molecular data necessary for this study can be used to estimate relatedness among
the founders.
Multi-locus heterozygosity was calculated with three common approaches to allow for
comparison across studies. Standard heterozygosity (SH) gives equal weight to all loci by
calculating the proportion of heterozygous, typed microsatellites in an individual divided by the
mean heterozygosity of each locus in the population (Coltman et al., 1999). Internal relatedness
(IR), weighs those that are homozygous for rare alleles against those homozygous for common
alleles, as being more likely to be identical by descent from a common ancestor (Queller and
Goodnight, 1989, Amos et al., 2001). Lastly, homozygosity by locus (HL) weighs more variable
loci higher than less informative loci (Aparicio et al., 2006). SH is inversely related to both IR
and HL in that a positive correlation between SH and the fitness trait would be indicated by a
negative correlation with IR and HL (Aparicio et al., 2006). These measures were calculated in R
(R Development Core Team, 2013) using the package Rhh v. 1.0.2 (Alho et al., 2010).
2.3.2
2.3.2.1

Statistical Analysis
Survey Data Analysis
For the Queen Elizabeth II Botanic Park (QEII) and Salina Reserve, data were analyzed

for all animals released into each respective site over the course of the headstart program.
Positive sightings of animals from the most recent survey (2019 for QEII, and 2018 for Salina
Reserve) were treated as successful recruits after release. Welch’s t-tests for each release site
were conducted to determine the statistical significance of differences in SH between sighted
animals and those that were not re-sighted.
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2.3.2.2

Genetic Data Analysis
To compare pedigree- and molecular-based inbreeding estimates, pedigree-based

inbreeding coefficients were calculated using parentage. Individual inbreeding coefficients were
calculated for animals with corresponding molecular genetic data using the program “pedigree”
(Coster, 2013).
Allele frequencies and F-statistics were estimated for generations and pre-headstart and
post-headstart groups. An analysis of variance (ANOVA) was used to determine if
heterozygosity varied significantly among generations, followed by a Tukey HSD post hoc
analysis to identify those groups. To determine if the difference in fixation indices (or inbreeding
coefficients) between the pre- and post-headstart groups is significant, a Wilcox signed-rank test
was conducted. This non-parametric test was used due to the non-normal distribution of fixation
indices among the post-headstart group.
An ANOVA was conducted to determine if differences in SH are significant among
generations followed by at Tukey HSD post-hoc analysis. A Welch’s t-test was used to test for
significant differences in SH between pre- and post-headstart groups. To determine if inbreeding
influences survivorship in the population, a Welch’s t-test was used to test for significant
differences between standardized heterozygosity in hatchlings and adults.
In Cyclura species, large body size positively relates to competitive ability and
reproductive success in males (Alberts et al. 2002, Moss et al., 2019) and female fecundity
(Iverson et al., 2004; Moss et al., 2019). Therefore, we use body size measures as an overall
indicator for individual fitness. To test the relationship between MLH and body size
morphometric measures, we used linear regression in combination with individual scores from a
principal component analysis (PCA) to allow comparison among three variables. Animals were
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divided into three age groups: hatchling (< 1 month), juvenile (1-3 years), and adult (4+ years).
The most recent morphometric measurement was used for each individual per age class and
individuals were used once per age class, when available, to prevent repetition bias. Mass, snoutvent length (SVL), and body mass index (BMI) were standardized for sex within each age class
to prevent sex-related bias. In further analysis, scores were used from principal components
(PCs) with eigenvalues greater than 1. MLH measures were then used as the explanatory variable
for linear regression with individual PC 1 scores.
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CHAPTER III
RESULTS
3.1

Morphometric Data
Morphometric data were analyzed for animals with corresponding genetic data to

establish averages of common measurements within each age class and for later use in
heterozygosity-fitness correlations. Within one month of hatching, 152 individuals had an
average mass of 50.07 g, an average snout-vent length (SVL) of 10.03 cm, and a body mass
index (BMI) of 49.49 (Table 1). Juveniles had an average mass of 333.90 g, an average SVL of
19.28 cm, and an average BMI of 42.30. Adults had an average mass of 2653 g, an average SVL
of 37.27, and an average BMI of 43.61.

Table 3.1

Summary of morphometric data
Hatchlings (n = 152)

Minimum Value
Maxium Valvue
Average
Standard Deviation

Mass (g)
20.00
64.00
50.07
6.74

Snout-Vent Lenth (cm)
7.50
10.80
10.03
0.46

Body Mass Index
33.07
74.31
49.49
5.62

Juveniles (n = 288)
Mass (g) Snout-Vent Lenth (cm)
70.00
12.40
1421.00
32.70
334.90
19.28
209.71
3.58

Body Mass Index
28.18
63.67
42.30
5.18

Adults (n = 90)
Mass (g) Snout-Vent Lenth (cm)
135.00
16.70
6500.00
55.00
2653.00
37.27
1621.40
9.70

Body Mass Index
28.84
62.83
43.61
6.75

Morphometric data summary for each age class (hatchling, less than 1 month old; juvenile, 1-3
years; and adult,4+ years).
3.2

Microsatellite Loci
Of 29 loci screened, 26 amplified and were polymorphic for Cyclura lewisi (Table 2). On

average, loci had 3.8 ± 0.152 alleles, an expected heterozygosity of 0.492 ± 0.013, an observed
heterozygosity of 0.524 ± 0.018, and fixation index of -0.071 ± 0.026 (Table 3). One locus,
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F478, was removed from further analyses due to a likelihood of null alleles (alleles that do not
amplify during PCR due to one or more polymorphisms within the primer site (Brookfield,
1996)). Results show that the Cyclura lewisi population is not in Hardy-Weinberg equilibrium
due to 21 of 25 loci having significant deviations from expected allele frequencies. After
Bonferroni correction, three pairwise tests for linkage disequilibrium were significant (Z494 and
Z35, p=0.043; CCSTE02 and Z35, p=0.027; Z494 and Z132, p=0.004).

Table 3.2

Summary of microsatellite loci
Locus

# of alleles

Ho

He

F

C113
CCSTE02
CCSTE76
CIDK109
CIDK177
D110
D9
F436
Lew115
Lew420
Z106
Z132
Z148
Z151
Z152
Z154
Z181
Z35
Z494
Z50
Z590
Z609
Z65
Z66
Z780

4
5
4
2
6
5
2
6
3
6
4
4
12
7
7
13
4
6
9
3
4
8
5
10
5

0.355
0.746
0.558
0.476
0.626
0.835
0.213
0.631
0.393
0.725
0.737
0.611
0.355
0.391
0.183
0.234
0.754
0.626
0.619
0.338
0.558
0.591
0.517
0.291
0.741

0.394
0.569
0.431
0.426
0.550
0.664
0.204
0.491
0.392
0.560
0.599
0.521
0.598
0.387
0.198
0.408
0.607
0.562
0.673
0.350
0.514
0.669
0.406
0.454
0.675

0.093
-0.339
-0.280
-0.128
-0.171
-0.257
-0.043
-0.291
-0.020
-0.316
-0.240
-0.176
0.393
0.000
0.064
0.418
-0.262
-0.135
0.081
0.060
-0.099
0.079
-0.247
0.374
-0.107

All Loci Mean
All Loci SE

3.8
0.152

0.524
0.018

0.492
0.013

-0.071
0.026

HWE
**
***
*
***
***
***
ns
***
ns
***
**
**
***
***
***
***
***
ns
***
***
ns
***
***
***
***

Polymorphic loci for Cylura lewisi. Ho = observed heterozygosity, He = expected
heterozygosity, F = fixation index, HWE = Hardy-Weinberg equilibrium significance. * p<0.05,
** p<0.01, *** p<0.001
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Allele frequencies, heterozygosity, and fixation indices were also calculated for each
generation of C. lewisi as well as pre-headstart (Founders) and post-headstart (Table 4). The preheadstart, Founders group had a fixation index of -0.003 ± 0.043 and the post-headstart group
had an index of -0.010 ± 0.041 (Figure 1). After comparing microsatellite genotypes and mtDNA
we found no evidence consistent with the founding population of the Blue Iguana Recovery
Program including hybrid individuals.

Table 3.3

Summary of genetics for each generation
Generation

# of alleles

Ho

He

F

Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE

3.520
0.224
4.480
0.436
4.480
0.462
5.120
0.631
2.400
0.163
3.720
0.329
4.720
0.363
1.960
0.212

0.506
0.037
0.503
0.037
0.549
0.042
0.533
0.036
0.645
0.057
0.535
0.045
0.502
0.041
0.420
0.086

0.508
0.033
0.519
0.033
0.517
0.031
0.514
0.030
0.471
0.031
0.507
0.030
0.560
0.030
0.341
0.051

-0.003
0.043
0.028
0.035
-0.067
0.054
-0.047
0.045
-0.378
0.087
-0.064
0.067
0.125
0.046
-0.227
0.149

Mean
Post-Headstart SE

7.120
0.967

0.526
0.036

0.521
0.030

-0.010
0.041

Founders
F1
F1BC
F2
F2BC
F3
U
Hybrid

Mean and Standard Error for polymorphic loci for Cylura lewisi. Ho = observed heterozygosity,
He = expected heterozygosity, F = fixation index
3.3

Survey Data
Re-establishing a stable population of Cyclura lewisi in the wild is an important step in

conservation for this species. To determine if animals are surviving, and possibly reproducing in
the wild, annual surveys of protected areas are conducted. During the 2018 Salina Reserve
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survey, 78 individuals were sighted but only 11 could be positively identified with dorsal crest
bead combinations or scanning of Passive Integrated Transponder (PIT) tag. In 2019, a total of
35 individuals were sighted with 29 positive identifications with bead combinations or PIT tag
(Table 4). For all released animals in the Salina Reserve and Queen Elizabeth II Botanic Park,
corresponding genetic data were available for 160 animals in the Salina reserve, and 57 for QEII
Botanic Park (Table 5).

Table 3.4

Number of animals re-sighted in protected areas

Number of animals re-sighted for each survey.

Table 3.5

Number of animals re-sighted in protected areas with genetic information

Number of samples from each survey with corresponding genetic data
A Welch’s t-test was conducted to determine if animals that were re-sighted were more
likely to be heterozygous than those not re-sighted. This test was used in place of the Student’s ttest due to the difference in size between sighted and not-resighted groups. This revealed no
significant difference in standardized heterozygosity (SH) between sighted and not-sighted
animals of the Queen Elizabeth II Botanic Park (p>0.05). However, a significant difference was
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revealed between these groups in the Salina Reserve (p=0.0113) with animals with a larger
standardized heterozygosity being more likely to be re-sighted after release.

Figure 3.1

Heterozygosity of released animals in Queen Elizabeth II Botanic Park

Standardized heterozygosity (SH) of animals in the Queen Elizabeth II Botanic Park and their
status during the 2019 survey. Blue diamond represents the mean standardized heterozygosity.

Figure 3.2

Heterozygosity of released animals in the Salina Reserve

Standardized heterozygosity (SH) of animals in the Salina Reserve and their status during the
2018 survey. Blue diamond represents the mean standardized heterozygosity.
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3.4

Genetic Data
Pedigree-based, mean individual inbreeding coefficients are commonly used in captive

breeding programs where molecular data are not yet available. We estimated inbreeding
coefficients using this method as a comparison against our molecular methods. Mean inbreeding
coefficients were estimated near zero for most generation groups with the largest estimate being
in the F2BC generation with an estimated value of 0.104 (Figure 3). Pedigree-based fixation
indices were not significantly different (p=0.4) between pre- (F=0) and post-headstart groups
(F=0.0076).
figure

Figure 3.3

Pedigree-based inbreeding coefficient for each generation

Pedigree-based average inbreeding coefficient for each generation with standard error bars

An ANOVA was used to determine if differences in fixation indices between generations
were significant. The ANOVA revealed a significant difference (p<0.001) in the fixation index
among generations. The post-hoc Tukey HSD test revealed significant difference existed
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between the F2BC generation and all others, as well as a significant difference between the
Unknown (F=0.125) and Hybrid (F=-0.227) generation (p=0.0305). The Wilcox signed-test
showed no significant difference in fixation index between pre- post-headstart groups (F=-0.003
and F=-0.01, respectively; p=0.6765) (Table 6) (Figure 4).

Table 3.6

Fixation index (F) for each generation
Generation

F

SE

Founders
F1
F1BC
F2
F2BC
F3
Unknown
Hybrid
Post-Headstart

-0.003
0.028
-0.067
-0.047
-0.378
-0.064
0.125
-0.227
-0.01

0.043
0.035
0.054
0.045
0.087
0.067
0.046
0.149
0.041

Fixation index (F) values for each generation with standard error (SE)
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Figure 3.4

Fixation index (F) for each generation

Fixation index (F) of all generations with standard error bars

An ANOVA was used to determine if there was a significant difference in standardized
heterozygosity (SH) among the generations of the captive breeding program. The ANOVA
revealed a significant difference in mean SH among generations (p<0.01). The Tukey HSD
analysis showed these significant differences existed between the F1 and F1BC generations as
well as the Unknown and F1BC generations. A Welch’s t-test showed that the difference in SH
between the pre- and post- was not statistically significant (SH=0.9672, SH=0.9844 respectively;
p=0.673) (Table 7, Figure 5). No significant difference was found between hatchling and adult
mean heterozygosity (SH = 0.9439, SH = 0.9403 respectively; p = 0.9384) (Figure 6).
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Table 3.7

Standardized heterozygosity of all generation

Generation
Founders
F1
F1BC
F2
F2BC
F3
Unknown

SH

SE

0.9671
0.9163
1.0351
1.0058
1.1784
1.0378
0.8863

0.03833
0.02724
0.02769
0.02155
0.09563
0.02404
0.05107

Standardized heterozygosity (SH) of all generations with standard error (SE)

Figure 3.5

Standardized heterozygosity of all generations

Standardized Heterozygosity (SH) of each generation with standard error bars
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Figure 3.6

Standardized heterozygosity of hatchling and adult age classes

Standardized heterozygosity (SH) of hatchling, and adult age classes with mean (dark blue
diamond)
Effective population size (NE) estimates for each generation (Table 8) allow us to
estimate a change in genetic diversity in a system with a skew in mating success in the census
population. Generations F1B, F2, F2BC had low harmonic mean sample size that prevented an
estimation of NE and were therefore excluded.

Table 3.8
Group
Founders
F1
F3
Unknown
Post-headstart

Effective population size estimates of generations
Number of Samples Harmonic Mean Sample Size Effective Population Size (Ne) 95% Confidence Interval
22
18.7
126.2
40.9 - ∞
26
11.0
51.3
19.7 - ∞
13
7.2
18.1
8.3 - 104.2
39
27.8
6.0
4.9 - 7.3
139

77.5

59.2

Effective population size (Ne) estimates for each generation
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48.1 - 74.5

3.5

Heterozygosity-Fitness Correlations
Linear regression between multi-locus heterozygosity (MLH) and body mass index

(BMI) was conducted to determine if individual genetic diversity has an effect on morphometric
measures at different life stages. Correlations between MLH measures and BMI found no
significant (p<0.05) linear relationships for any of the age groups for any measure of
heterozygosity.
For each principal component analysis (PCA) of morphometric data, principal component
(PC) one had an eigen value of greater than one and accounted for much of the variation in the
data (hatchlings = 87.5%, juveniles = 97.2%, adults = 97.5%) (Table 9). Linear models were
significant for juveniles (SH p=0.01302, HL p=0.0146, IR p<0.001) when analyzing all three
measures of heterozygosity for each age class (Figures 7, 8, and 9). Both the hatchling and adult
age classes showed no significant relationships between heterozygosity measures and the
morphometric principal component.
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Table 3.9

Principal component loadings

Principal component (PC) 1 loadings for each age class.

Figure 3.7

Heterozygosity-fitness correlation with standardized heterozygosity

Linear regression of standardized heterozygosity and PC1 for hatchlings, juveniles, and adults.
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Figure 3.8

Heterozygosity-fitness correlation with homozygosity by locus

Linear regression of homozygosity by locus and PC1 for hatchlings, juveniles, and adults.

Figure 3.9

Heterozygosity-fitness correlation with internal relatedness

Linear regression of internal relatedness and PC1 for hatchlings, juveniles, and adults.
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CHAPTER IV
DISCUSSION
In this study, we used ostensibly neutral microsatellite markers to study genetic variance
and heterozygosity of the endangered Cyclura lewisi during captive management. We also
studied how heterozygosity may correlate with fitness through morphometric measures and
success of recruitment after release of captive-reared individuals into the wild. We found little
evidence to support the hypothesis that captive breeding had a significant effect on the
heterozygosity of animals pre- and post-headstart, but the effective population size estimate from
animals post-headstart was half that of the founder animals. We found no significant difference
in heterozygosity in recruitment at the Queen Elizabeth II Botanic Park (QEIIBP) but found
animals re-sighted after release into the Salina Reserve were significantly more heterozygous
than animals that were never re-sighted or recaptured. There was no significant difference in
heterozygosity between hatchling and adult age classes suggesting there is no inbreeding
depression affecting survivorship in captivity. Lastly, we found no consistent, significant
heterozygosity fitness correlations using morphometric data, though our findings may be
consistent with purging of genetic load in the population that should be expected with a
reduction in population size.
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4.1
4.1.1

Genetic Diversity of the Cyclura lewisi Headstart Program
Assessment of Founder Group Genetic Diversity
One of the many priorities of captive breeding programs for vulnerable species is the

maintenance of genetic diversity (Lacy 1994, Frankham et al., 2002). The reasoning is that more
diverse populations will be less likely to exhibit inbreeding depression, and that future
generations will possess sufficient variability to adapt to changes in the environment. In the case
of Cylcura lewisi, 24 founders were acquired from the wild for the captive breeding program.
Due to this small number of founders, it was anticipated that the program would be susceptible to
inbreeding, and inbreeding depression (Loison, Strand, and Linnell, 2001; Korén et al., 2016).
Here, we leverage our molecular data to determine whether this original founder stock met
specific genetic benchmarks for the short-term management of endangered species (Franklin,
1980). Further, characterizing genetic diversity of the founding population provides a baseline of
comparison with later generations, and for future monitoring efforts.
Effective population size relates the capacity of a population to maintain genetic
variation, allows for predictions for anticipated loss of variation with each generation, and should
correlate with a population’s ability to respond to environmental changes (Turner et al., 2006).
The founders of BIRP are the remaining representation of the wild population of C. lewisi prior
to captive head starting. The effective population size of the founders was estimated at 126.2
with an unlimited upper 95% confidence interval and a lower interval of 40.9. Only 22 animals
were used to estimate NE but it is possible to have a higher NE when family sizes have little
variance in the population.
The minimum preferred effective population sizes for the maintenance of populations
often cited by conservationists comes from the 50/500 rule (Franklin, 1980). This states that an
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effective population size of 50 is the minimum viable population for preventing extinction due to
inbreeding and demographic stochasticity, the primary goals for short-term conservation. A
minimum viable population of 500 is required to limit the impact of genetic drift which is
anticipated as a necessity for long-term viability (Franklin, 1980). In this regard, these genetic
data indicate that the founders of Blue Iguana Recovery Program far exceeded the minimum
preferred effective population size (126.2 vs. 50).
4.1.2

Suitability of pairings during captive breeding
Minimizing inbreeding during captive breeding should clearly reduce rates of inbreeding

depression. Willoughby et al. (2015) found that minimizing relatedness when selecting breeding
pairs resulted in the production of more vigorous offspring than selecting pairs based on
maximum docility in captivity or random mating. Our estimates of pedigree-based inbreeding
coefficients showed low levels of inbreeding in all generations, with the exception of the F2BC
which may be a function of small sample size (N=6). Despite limited genetic data for over 20
years, the Blue Iguana Recovery Program successfully selected breeding pairs with low mean
kinship after the first generation, and estimates of inbreeding in the captive population are not
significantly different (p=0.4) between pre- (F=0) and post-headstart groups (F=0.0076).
4.1.3

Assessment of genetic drift during captive management and breeding
In any captive bred population of limited size, a loss of genetic variation should be

anticipated. Some animals may have low fertility and fecundity. Others may be more likely to
breed successfully in captivity. The F1 and Unknown generations had the lowest estimates of N E
(16.4, 14 – 19.3 95% confidence interval; 6, 4.9 – 7.3 95% confidence interval; respectively). For
the F1 generation, this is likely due to the large skew of successful reproduction for mating pairs
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of the Founders in captivity as variation in reproductive success should influence NE estimates
(Goldberg and Waits, 2010). There is clear evidence of such variation in success. For example,
one breeding pair successfully produced 82 offspring while a second produced only two. The
low estimate of NE for the Unknown generation may also reflect skewed male mating success
among free-roaming animals in the Queen Elizabeth II Botanic Park (QEIIBP), similar skew has
been observed in other species of iguanas (Dugan, 1982; Werner 1982; Alberts et al., 2002;
Moss, 2019).
While NE estimates fluctuate, the founder and post-headstart generations have estimated
NE of 126.2 and 59.2 respectively. Despite this reduction in NE, there was no significant
difference in heterozygosity between the pre- and post-headstart individuals (SH=0.9672,
SH=0.9844 respectively; p=0.673) to support a large loss in genetic diversity. For the founders,
an NE greater than the census size can be explained in two ways, variance of family size is
smaller than the mean, and a population bottleneck occurred recently and the founders are
representative of a much larger historical population. The post-headstart population has an
estimated NE that is less than half that of the founders. This likely reflects variance in mating
success. Given this marked reduction in NE, captive management planning would do well to
continue their focus on efforts designed to reduce variance in reproductive success. Despite the
reduction in NE observed, the post-headstart population NE exceed 50 (NE = 59.2) indicating that
the population may have maintained sufficient genetic variation to avoid extinction in the shortterm due to inbreeding and demographic stochasticity (Franklin 1980). While estimates of the
population’s capacity to maintain genetic variation based on linkage disequilibrium (NE) indicate
a large reduction, the founders numbered far fewer in census number (2) than their NE (126.2)
suggested. Hence, it is not surprising that the progeny of so few animals exhibit a relative
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increase in linkage disequilibrium, driving down estimates of NE. Direct estimates of genetic
variation within and among populations suggest that the population has maintained far more of
the variation present in the founders than do these estimates of NE.
To characterize changes in genetic diversity over time, we calculated the average fixation
index for each generation. I found little change throughout the generations suggesting that
purging may be limiting genetic load within this population. An ANOVA showed significant
differences of fixation indices across generations. A post-hoc Tukey HSD revealed a significant
difference between the F2BC generation, and all others measured. This difference can likely be
attributed to the difference in sample size with the F2BC group being only six samples, while it
was typical for other sample sizes to exceed 20. No significant difference was found between the
pre-headstart and post-headstart groups, showing the program’s overall ability to reduce the
likelihood of recessive deleterious allele expression at the population level (Charlesworth and
Charlesworth, 1999). This was supported by the maintenance of heterozygosity in the population
with no significant difference would between pre- and post-headstart groups (SH=0.9672,
SH=0.9844 respectively; p=0.673).
In populations, multi-locus heterozygosity (MLH) can serve as a proxy for identifying
inbreeding as heterozygosity should positively correlate with outbreeding. An ANOVA revealed
significant differences in Standardized Heterozygosity (SH) among generations (p=0.001). The
post-hoc Tukey HSD revealed that SH in the F1BC (SH=1.035) generation differed significantly
from that in both the F1 (SH=0.916, p=0.034) and Unknown generations (SH=0.8864,
p=0.0411). The F1 and Unknown generations have the lowest SH values among captive
generations. However, no significant difference (p=0.6726) was observed in SH between the preheadstart (mean SH = 0.9672) and post-headstart (mean SH = 0.9844) groups demonstrating
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reduced change in heterozygosity over time. This strongly suggests that intervention and
breeding successfully captured the majority of the species’ genetic variation remaining in the
founders.
4.2
4.2.1

Assessment of Inbreeding Depression in Cyclura lewisi
Assessment of Inbreeding Depression in Captivity
Linear regression showed a significant, negative relationship between internal relatedness

(IR), multi-locus heterozygosity (MLH), and the first principal component of mass and snoutvent length in juveniles. This negative relationship has been observed in other Caribbean iguana
species such as Iguana delicatissima (Judson et al., 2018), and Cyclura nubila caymanensis
(Moss, 2019).
Linear regression models showed no significant relationship in hatchlings and adults
between body mass index and the three measures of multi-locus heterozygosity (MLH):
standardized heterozygosity (SH), internal relatedness (IR), and homozygosity by locus (HL).
Under similar circumstances, the Eastern Massasauga rattlesnake (Sistrurus c. catenatus) also
showed no significant evidence for heterozygosity-fitness correlations relating to body mass
index (Gibbs and Chiucchi, 2012). Hence, it is conceivable that variation in body mass index is
muted among captive animals with food provisioning and the absence of competition.
Significant, negative heterozygosity-fitness correlations (HFCs) have been observed in
cases of animal translocation and outbreeding depression (Monceau et al., 2012; Shafer et al.,
2015). As all founder animals of the Blue Iguana Recovery Program were from Grand Cayman
Island, outbreeding depression seems an unlikely hypothesis to explain this observation.
Another hypothesis suggests that selection behaves differently in homozygous genotypes
that have “proven to be successful” in parents and will therefore be passed to offspring (Weiser
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et al. 2016). More inbred, homozygote parents that have survived to adulthood will pass along
their homozygote genotype and its fitness advantage. Conversely, less inbred parents will pass
along a less “proven” genotype that may prove less of a fitness advantage and impact offspring
survivorship negatively (Weiser et al. 2015). This can, in theory, cause a directional shift in
frequencies of alleles in which the homozygous, or co-dominant heterozygous, individuals have
a selective advantage
4.2.2

Success of Animals After Release
Willoughby et al. (2017) suggests that genome-wide heterozygosity is positively

correlated with survival in the wild. No significant difference in SH was observed at the QEIIBP
between released animals and those re-sighted after release. However, a significant difference
was observed at the Salina Reserve, a pattern consistent with greater success of outbred animals.
Animals at the QEIIBP are habituated to humans and are often seen acquiring supplemental food
from park visitors, staff, and waste management sights (Personal observations, BIRP staff).
Protection from invasive predators, such as free roaming cats and dogs (Burton, 2012), is
provided through partial fencing of the QEIIBP property, live traps, and continued human
presence. These advantages are not available to Colliers and Salina reserve animals leading to a
difference in the selective pressures facing the reintroduced populations. This may in part
account for the perceived relationship between heterozygosity and inferred survivorship in the
Salina Reserve (Boutin 1990; Robb et al., 2008; Hayward and Kerley, 2009).
4.3

Conclusions
This study shows how headstart programs can be an effective conservation tool even

when faced with small founding populations. This is further supported by evidence in other
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Cyclura species, such as C. stejnegeri, C. pinguis, C. cornuta, and C. collei, for success in
increasing population size and maintaining genetic variation (Knapp and Hudson, 2004; Wilson
eat al., 2004). Through headstarting, Cyclura cornuta saw an increased survival rate of heastart
animals of 40.3% when compared to 22% in wild animals (Pérez-Buitrago et al., 2008). Since
rediscovery in 1990, C. collei captive breeding efforts have resulted in only a 3% decrease of
genetic variation and proportional reduction of 0.075 for effective population size (Rasberry,
2015). In addition to our study, these results show that headstarting in Caribbean rock iguanas
has the potential to increase population size while limiting genetic loss with careful management.
With a founder population of 24, the Blue Iguana Recovery Programme is comparable to
other conservation success stories such as those for California condors (24 founders), Guam rails
(10 analytical founders), and black-footed ferrets (18 founders) (Orndorff 1999; Wisely et al.
2003; Ralls and Ballou, 2004). Maintaining genetic diversity in captivity can be difficult as many
founder populations are sampled from already reduced endangered species resulting in further
bottlenecked captive programs. Additionally, distance, politics and nationality between captive
breeding facilities has created structured breeding lines within species (Wirtz et al, 2018).
While the Blue Iguana Recovery Programme is considered a conservation success story
after releasing over 1,000 animals into three protected areas across Grand Cayman Island
(Cayman Compass, 2018), continued genetic monitoring would be of benefit to ensure adequate
variation is being maintained by this rebounding species. Additionally, studying the genetics and
ecology of animals released into the Colliers and Salina reserves will allow insight into
population dynamics of C. lewisi with limited human disturbance.
Lastly, to safeguard this endemic species for further study and island biodiversity,
residents of the Cayman Islands must continue to work together at a community, and political
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level, to reduce the initial threats to this singular species such as introduced invasive species, and
habitat loss. Without addressing the pressures that caused the reduction in population size, this
species is still at risk for extinction.
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